ABSTRACT
INTRODUCTION

61
Perennial plants synchronize their physiological processes with local climate according to a 62 trade-off between maximization of resource acquisition and damage avoidance due to harsh 63 environmental conditions (Chuine, 2010 , Nord & Lynch, 2009 ). In temperate and cold 64 ecosystems of the Northern hemisphere, the cyclical reactivation and termination of the 65 physiological activity of meristems has a distinct annual pattern that is described by the 66 phenology of buds, flowers and cambium . Their activity is mainly 67 concentrated in a well-defined period of time between spring and autumn, when temperatures 68 are favourable for growth and reproduction, while it stops or slows down during winter.
69
Phenology is a dynamic and sensitive biological process that has been demonstrated to vary at However, at hemispheric scale, the mere geographical location becomes meaningless because 77 the effects of water bodies and changes in elevation on mesoclimatic conditions can modify 78 the predictable relationships between geographical coordinates and timing of growth.
79
Accordingly, Rossi et al. (2011) showed that the milder thermal conditions close to big lakes 80 or the lower temperatures experienced by trees of high altitudes affected xylem phenology 81 irrespective of the latitude of the sites. Temperature is one of the main driving forces for plant 82 growth in terrestrial ecosystems, and interacts with photoperiod in defining the timings of 83 growth resumption (Körner & Basler, 2010) . Temperature-based models should therefore be able to provide more intrinsic growth predictions than the models based on latitude or altitude, 85 which merely describe a geographical variation invariable over time. identifying the timings and climatic conditions driving wood formation is an essential step in 105 understanding the dynamics of tree growth and forest productivity at a hemispheric scale.
106
An extensive dataset from 1321 trees belonging to 10 species was compiled containing intra- 
117
MATERIAL AND METHODS
119
Site selection and sampling
120
The air temperature and xylem phenology data were collected in 39 sites located at different 121 altitudes and latitudes of nine countries in North-America, Europe and Asia (Table 1) . The 122 sites consisted of permanent plots representing temperate-cold to boreal conifer stands. In 123 each site, from one to 24 adult trees with upright and injury-free stems were selected for 124 sampling. Trees with polycormic stems, partially dead crowns, reaction wood or evident 125 damage were avoided. In each site, 1-3 coniferous species were monitored, for a total of ten 126 species for the whole study.
127
The trees were monitored during 1998-2014, the number of years ranging from one to 13 per 
161
The mean number of tracheids in each developmental phase at each sampling date was used to 
217
The sites were grouped in three main clusters based on the monthly mean temperatures 218 extracted from the time series available (Fig. 1) . The first cluster included 10 sites from of the third cluster were characterized by low winter temperatures and cool summers (Fig. 1) . The contribution of site, species, tree and year to the total variance in the five phases of xylem 234 phenology and annual total production of tracheids differed according to two main patterns 235 (Fig. 2) . First, the species accounted for a high proportion of variation (40.0-48.2%) in the the spring events, the percentage of the variance accounted for by the factors tree and year
240
was clearly lower, and ranged between 10.9 and 15.7% (Fig. 2) .
241
In the phenological events occurring in autumn, as well as the total number of tracheids, a 242 lower proportion of the variation was accounted for by species (6.1-27.9%), with a 243 substantially higher variance related to the differences among individual trees (27.1-37.5%).
244
The differences between years in the radial number of tracheids explained only 1.5% of the 245 variance, indicating a small inter-annual variation in tracheid production (Fig. 2) . 
Model definition and application
251
Two divergent patterns were observed between the phenological events and mean annual 252 temperature of the sites (Fig. 3) . With increasing temperature, first enlarging, wall-thickening 253 and mature tracheids appeared earlier, and last enlarging and wall-thickening tracheids 254 occurred later. GLM was able to adequately fit the dataset and produced a highly significant The residuals of the model were well distributed around zero, and no clear pattern or tendency 277 was observed (Fig. S2) . Heteroscedasticity was low, with a variance of residuals constant 278 across the thermal range. The standard deviation of residuals increased gradually during the 279 growing season, with the higher variability observed for autumnal events (Fig. S2) . The 280 studentized residuals exceeding the 95% confidence interval (the range between -2 and 2) 281 were less than 5% for spring events, but increased to 5.8 and 11.7% for the ending of cell 282 enlargement and lignification, respectively.
283
The period of wood formation lengthened linearly with the mean annual temperature of the 284 site (Fig. 4) . Cell enlargement lasted 48 days at -2 °C, and 134 days at 12 °C, increasing by 6.5 days °C -1 (Fig. 4) . Along the thermal gradient, the slopes of the three regressions The GLM performed with weekly temperatures produced results similar to the model using 299 annual temperature. However, the variance accounted for changed according to the period of 300 the year considered (Fig. S3) There is a long-standing assumption that temperature is one of the main driving forces for , Gruber et al., 2010 .
374
The process of wood formation 375 In longitudinal data, the sequence of phenological events are represented by the changes in 376 traits or attributes in the same individuals over time (Fitzmaurice et al., 2009 an extensive dataset containing intra-annual data on wood formation from sites at mid and 432 high altitudes and latitudes covering an interval of mean annual temperature exceeding 14 K.
433
The timings of wood formation increased linearly according to the local temperature at a rate 
